INTRODUCTION
============

Angiogenesis, a process of new blood vessel formation from pre-existing ones, is involved in many diseases such as cancer, psoriasis, arthritis, and blindness ([@b9-bt-27-117]). Several angiogenic growth factors such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) can induce endothelial cell proliferation, migration and tube formation ([@b13-bt-27-117]). Inhibition of angiogenesis is a therapeutic strategy in many angiogenesis-related diseases. Although angiogenesis inhibitors targeting VEGF signaling pathway are affording demonstrable therapeutic efficacy, inherent/acquired resistance to anti-angiogenic agents in both preclinical and clinical settings has been identified ([@b6-bt-27-117]; [@b16-bt-27-117]). Thus, development and application of various anti-angiogenic agents with potential to inhibit tumor angiogenesis resistant to anti-VEGF drugs through novel mechanisms are necessary.

Mebendazole (MBZ), methyl N-\[6-(benzoyl)-1H-benzimidazol-2-yl\] carbamate from benzimidazole group is a widely used anti-helminthic drug, which acts as a microtubule-disrupting agent by binding to the colchicine-binding domain of tubulin and prevents microtubule polymerization in a manner similar to other benzimidazoles ([@b17-bt-27-117]; [@b22-bt-27-117]). The disruption of microtubule structure by MBZ has been observed in various cell types such as glioblastoma, melanoma and gastric cancer ([@b15-bt-27-117]; [@b2-bt-27-117]; [@b35-bt-27-117]). Recently, preclinical studies supported the possibility of MBZ as a potent repositioning candidate in cancer therapy via targeting tumor angiogenesis ([@b28-bt-27-117]; [@b3-bt-27-117]). Although MBZ inhibits tumor angiogenesis, it has been reported that MBZ does not inhibit endothelial cells (ECs) in culture conditions ([@b28-bt-27-117]; [@b18-bt-27-117]). However, MBZ has been reported to inhibit autophosphorylation of VEGFR2 (Y1175), which provides a binding site for the phospholipase C gamma (PLCγ) and results in phosphorylation of ERK1/2 ([@b37-bt-27-117]; [@b3-bt-27-117]). However, the definite mechanism of action related to angiogenesis inhibition by MBZ remains unclear.

Autophagy is a catabolic pathway activated under cellular stress to homeostasis. During this pathway, aggregation of damaged protein and sequestration of organelles occur within double-membrane organelles ([@b26-bt-27-117]). The formation of autophagosomes is initiated by class III PI3K and Beclin1; furthermore, autophagy-related gene 5 (ATG5) and autophagy-related gene 7 (ATG7) are involved as core proteins in the process. Autophagy works for stress adaptation to avoid apoptosis in certain conditions, whereas it induces cell death in other cellular settings ([@b25-bt-27-117]). Some of the anti-angiogenic agents induce autophagy to provide protection to cells ([@b30-bt-27-117]; [@b36-bt-27-117]; [@b31-bt-27-117]; [@b32-bt-27-117]; [@b42-bt-27-117]; [@b34-bt-27-117]), while other drugs induce cell death ([@b5-bt-27-117]; [@b21-bt-27-117]). Flubendazole, one of the drugs with a structure similar to MBZ, has been reported to induce autophagy ([@b10-bt-27-117]; [@b41-bt-27-117]). In this study, we investigated how MBZ affects EC activities, signaling and autophagy, and attempted to provide an efficient strategy for MBZ treatment for anti-angiogenesis in cancer therapy.

MATERIALS AND METHODS
=====================

Reagents
--------

Mebendazole (MBZ), 3-methyladenine (3-MA) and CQ diphosphate were purchased from Sigma (St. Louis, MO, USA). MBZ was dissolved in Dimethyl sulfoxide (DMSO), and 3 MA and CQ diphosphate were dissolved in PBS.

Cell culture
------------

Human umbilical vein endothelial cells (HUVECs) were isolated from human cords according to a procedure described previously ([@b19-bt-27-117]). HUVECs were cultured in HUVEC medium (M199 medium supplemented with 20% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA), 30 μg/ml endothelial cell growth supplements (BD Biosciences, Franklin Lakes, NJ, USA), and 90 μg/ml heparin (Sigma)).

Cell proliferation assay
------------------------

HUVECs were seeded at 2×10^3^ cells in each well of a 96-well plate. After 24 h, the cells were serum starved for 4 h, and then treated with or without MBZ in each growth medium for 48 h. Proliferation of the cells was assessed using the MTS Cell Proliferation Assay Kit (Promega Corp., Madison, WI, USA). Four different endothelial growth media were used for proliferation assay: (1) EGM2 (Lonza, Walkersville, MD, USA), (2) HUVEC medium (M199 medium supplemented with 20% FBS, 30 μg/ml endothelial cell growth supplements and 90 μg/ml heparin), (3) M199 medium containing 5% FBS, 90 ug/ml heparin and 10 ng/ml VEGF (Peprotech, Rocky Hill, NJ, USA) and (4) M199 medium containing 5% FBS, 90 ug/ml heparin and 10 ng/ml bFGF (Peprotech).

Cell migration assay
--------------------

Cell migration assay was performed in a modified Boyden chamber as described previously ([@b20-bt-27-117]). Detached serum starved HUVECs were incubated with MBZ for 30 min and then seeded into upper chamber (2×10^4^ cells). The lower chamber was added with the 5 ng/ml VEGF or 5 ng/ml bFGF in EBM2. Cell migration was allowed for 5 h, and migrated cells were fixed and stained with Diff-quik solution (Sysmex Co., Kobe, Japan). The migrated cells were photographed and counted in five randomly selected fields.

Tube formation assay
--------------------

Matrigel basement membrane matrix (BD Bioscience) was placed to each well of prechilled 96-well plates and incubated for 30 min. Detached serum starved HUVECs (2×10^4^ cells) were treated with MBZ for 30 min and then added to the top of solidified Matrigel in the well. After 12 h, the formed tubes were photographed and images were analyzed using Image J software (<http://rsb.ingo.nih.gov/ij/>) to determine the tube length.

Western blot analysis
---------------------

Western blotting was performed as described previously ([@b11-bt-27-117]). Briefly, total cellular extracts were prepared by lysing cells in lysis buffer, separating on an SDS-PAGE gel, and transferring to nitrocellulose membranes. The membrane was incubated with the designated primary antibodies against phospho-ERK1/2 (pThr^202^/Tyr^204^) (Cell signaling technology, Beverly, MA, USA), ERK1/2 (Cell signaling technology), phospho-FAK (pTyr^397^) (R&D, Minneapolis, MN, USA), FAK (Millipore, Billerica, MA, USA), p53 (Cell signaling technology), Caspase 3 (Abcam, Cambridge, MA, USA), LC3B (Cell signaling technology), Beclin1 (Cell signaling technology), ATG5 (Cell signaling technology), ATG7 (Cell signaling technology) and β-actin (Sigma). Then, the membrane was incubated with respective secondary antibodies (GeneTex, Irvine, CA, USA). Immunoreactive bands were visualized using a chemiluminescent substrate (ECL kit) (GE healthcare, Piscataway, NJ, USA). The band intensity was measured by Image J software.

Cell cycle analysis
-------------------

Cell cycle analysis was performed as described previously ([@b24-bt-27-117]). Briefly, HUVECs were seeded, serum starved for 4h and then treated with MBZ for 24, 48 and 72 h respectively. The cells were collected after trypsin treatment, washed with PBS, and fixed with 70% ethanol at −20°C for 18 h. After centrifugation, the cell pellets were resuspended in 1 ml of hypotonic solution containing 50 μg/ml propidium iodide (PI), 0.1% sodium citrate, 0.1% Triton X-100, and 10 μg/ml RNase and incubated in the dark at room temperature for 30 min. The PI fluorescence was measured on a linear scale using a FACScan flow cytometer (FACS Canto II, BD Biosciences) and the cell cycle distribution was analyzed using FlowJo software (TreeStar, Ashland, OR, USA).

DAPI staining to visualize apoptosis
------------------------------------

To investigate apoptosis after drug treatment, cells were stained fluorescently with 4′,6-diamidino-2-phenylindole (DAPI) to detect nuclear condensation and chromatin fragmentation. HUVECs grown on cover slip were treated with MBZ for 24, 48 and 72 h respectively, and then fixed with 4% (v/v) paraformaldehyde for 30 min. Fixed cells stained with 1 μg/ml of DAPI solution (Sigma) for 10 min. Stained cells were then examined under fluorescence microscopy (BX51, Olympus, Middlesex, UK). The percentages of cells were calculated as the number of cells with apoptotic nuclei divided by the total number of cells in each 3 random field.

Immunofluorescence for LC3B^+^ puncta analysis
----------------------------------------------

Immunofluorescence for LC3B^+^ puncta analysis was performed as described previously ([@b23-bt-27-117]). Briefly, HUVECs grown on cover slip were treated with MBZ for 24, 48 and 72 h respectively and then fixed with 4% (v/v) paraformaldehyde for 30 min, permeabilized with methanol at −20°C for 10 min, and then covered with 1% BSA for 30 min at room temperature for blocking. Then the cells were incubated with primary antibody against LC3B (Cell signaling technology) at 4°C overnight, and then probed with Alexa Flour 594 goat anti-rabbit secondary antibodies (Thermo scientific, Foster city, CA, USA) at room temperature for 2 h. Nuclei were stained with DAPI (Sigma). Fluorescent signals were detected using fluorescence microscopy (BX51, Olympus). The percentages of autophagic cells were calculated as the number of cells with LC3-positive puncta (≥100 dots/cell) divided by the total number of cells in each 3 random field.

RNA interference and transient transfection
-------------------------------------------

Small interfering RNAs (siRNAs) targeting Beclin1, ATG5, ATG7 and control siRNAs (siCTL) were constructed from Bioneer (Deajun, Korea). Sequencing of double stranded siRNAs were as follows: targeting for Beclin1, sense 5′-CAG UUU GGC ACA AUC AAU A dTdT-3′ and antisense 5′-UAU UGA UUG UGC CAA ACU G dTdT-3′; for ATG5, sense 5′-GGA AUA UCC UGC AGA AGA A dTdT-3′ and antisense 5′-UUC UUC UGC AGG AUA UUC C dTdT-3′; for ATG7, sense 5′-GAA GAU AAC AAU UGG UGU AUU dTdT-3′ and antisense 5′-AAU ACA CCA AUU GUU AUC UUC dTdT-3′; for siCTL, sense 5′-GUU CAG CGU GUC CGG CGA G dTdT-3′ and antisense 5′-C UCG CCG GAC ACG CUG AAC dTdT-3′. Cells were seeded at a density of 78 cells/mm^2^ and cultured for 24 h. The cells were then transfected with 50--100 nM siRNA using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. After 4 h, the transfection medium was removed, and the cells were incubated in fresh medium 48 h, followed by drug treatments using the same procedure.

Data and statistical analysis
-----------------------------

Data were presented as means ± SE of representative experiments. Differences between groups were analyzed by One-way ANOVA with Turkey test using GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA) for most experiments. *p*-values less than 0.05 were considered as statistically significant.

RESULTS
=======

Mebendazole inhibits EC proliferation, migration and tube formation
-------------------------------------------------------------------

We investigated whether mebendazole (MBZ) inhibits proliferation of human umbilical vein endothelial cells (HUVECs) under several culture conditions since it has been reported that MBZ inhibits tumor angiogenesis. Exposure of HUVECs to MBZ for 24 h increased the number of shrinking cells upon inhibition of microtubule action and detachment of cells from the culture dish was observed as compared with the control ([Fig. 1A](#f1-bt-27-117){ref-type="fig"}). Previously, it has been shown that MBZ has no inhibitory effect on EC proliferation ([@b28-bt-27-117]; [@b18-bt-27-117]). However, unexpectedly, we found that MBZ dose-dependently inhibits EC proliferation under all the culture conditions. The anti-proliferative effect of MBZ was observed to be dependent on the growth rate in each medium and exhibited some variations. The cells grew slowly in EGM2 (OD~490~=0.5 at 48 h) compared to M199 containing FBS, VEGF or bFGF (OD~490~=∼1), and the IC~50~ value for MBZ treatment in EGM2 (IC~50~=2.5 μM) was approximately three-fold higher than other groups (IC~50~=0.7--0.9 μM) ([Fig. 1B](#f1-bt-27-117){ref-type="fig"}). The differences in the anti-proliferative effects of MBZ in ECs may be due to the different growth rate in culture conditions and the use of drug concentrations out of effective concentration range. Therefore, our results suggest that MBZ inhibits EC growth and that the anti-proliferative effect is dependent on cell growth rate.

As cell migration is another essential step in the angiogenic process, we assessed the effect of MBZ on EC migration induced by VEGF or bFGF, the key factors leading to angiogenesis. Based on modified Boyden chamber assay, it was observed that MBZ significantly inhibited VEGF- or bFGF-induced HUVEC migration in a dose-dependent manner (IC~50~=0.9 μM and IC~50~=0.7 μM, respectively) ([Fig. 1C, 1D](#f1-bt-27-117){ref-type="fig"}). Next, we examined whether MBZ can inhibit VEGF- or bFGF-induced tube formation, an endothelial function crucial to angiogenesis. It also potently inhibited VEGF- or bFGF-induced tube formation in a dose-dependent manner (IC~50~=1.5 μM and IC~50~=0.8 μM, respectively) ([Fig. 1E, 1F](#f1-bt-27-117){ref-type="fig"}). Thus, these results suggest that MBZ inhibits EC activities irrespective of the presence of specific growth factor.

Mebendazole has no inhibitory effect on FAK and ERK1/2 pathways
---------------------------------------------------------------

Since MBZ inhibits VEGF- or bFGF-induced proliferation and migration, we examined whether MBZ affects FAK and ERK1/2 pathways. FAK and ERK1/2 play an important role in growth factor-mediated signaling. In addition, it has been reported that MBZ inhibits VEGFR2 kinase activity with an IC~50~ of 4.3 μM by inhibiting autophosphorylation of VEGFR2-Y1175 ([@b3-bt-27-117]), which provides a binding site for phospholipase C gamma (PLCγ), upstream of ERK 1/2 pathway ([@b37-bt-27-117]). However, in the present study, treatment with even 10 μM MBZ for 1 h did not affect FAK and ERK1/2 phosphorylation induced by VEGF or bFGF for 10 min and 30 min, respectively ([Fig. 2A, 2B](#f2-bt-27-117){ref-type="fig"}). To investigate whether MBZ affects these pathways in a long-term treatment, the cells were treated with MBZ for 24 h in HUVEC medium ([Fig. 2C](#f2-bt-27-117){ref-type="fig"}). Likewise, MBZ did not affect FAK and ERK1/2 pathways in long-term treatment. It was apparent that MBZ does not affect growth factor-induced FAK or ERK 1/2 signaling pathways. These results indicate that MBZ may inhibit angiogenesis via another mechanism of action without any impact on FAK or ERK1/2 signaling pathways.

Mebendazole induces G2-M arrest and apoptosis in ECs
----------------------------------------------------

To investigate whether MBZ affects cell cycle progression in ECs, HUVECs were treated with MBZ (1, 3 μM) for 24, 48 and 72 h, respectively in HUVEC medium. Upon treatment with 1 μM MBZ, ECs underwent G2-M arrest at 24 h and ultimately apoptosis with time, but no polyploidy was observed. Treatment with 3 μM MBZ potently caused apoptosis even at 24 h and sub-G1 fraction reached up to 64.5% at 72 h of treatment ([Fig. 3A](#f3-bt-27-117){ref-type="fig"}). Accordingly, treatment of HUVECs with MBZ (1, 3 μM) for 24, 48 and 72 h increased chromatin condensation and nuclear fragmentation in a dose-dependent manner ([Fig. 3B](#f3-bt-27-117){ref-type="fig"}, indicated by arrowheads), as revealed by DAPI staining. Upon treatment with 3 μM MBZ, chromatin condensation and nuclear fragmentation of the attached cells reached up to 34% at 72 h. It has been reported that p53 accumulation leads to EC apoptosis via activation of caspase-3 ([@b29-bt-27-117]; [@b33-bt-27-117]). A significant increase in p53 level-up to 2.9-fold was also observed ([Fig. 3C](#f3-bt-27-117){ref-type="fig"}). Treatment with MBZ (1, 3 μM) led to a decrease in pro-caspase 3 (inactive form) level and increase in cleaved-caspase 3 (active form) level in a dose-dependent manner ([Fig. 3D](#f3-bt-27-117){ref-type="fig"}). Consequently, the results suggest that MBZ induces G2-M arrest and apoptosis in ECs, which may lead to anti-angiogenic activity.

Mebendazole induces autophagy in ECs
------------------------------------

We investigated whether MBZ induced autophagy, since flubendazole, a benzimidazole drug with a structure similar to MBZ, has been reported to induce autophagy ([@b10-bt-27-117]; [@b41-bt-27-117]). When the formation of LC3B^+^ puncta was examined by immunofluorescence in HUVECs treated with MBZ (1, 3 μM) for 24, 48 and 72 h respectively, the percentage of cells with LC3B^+^ dots also significantly increased by up to 64% (indicated by arrowheads) ([Fig. 4A](#f4-bt-27-117){ref-type="fig"}). Western blot analysis revealed an increase in the ratio of LC3B-II/LC3B-I in a dose-dependent manner ([Fig. 4B](#f4-bt-27-117){ref-type="fig"}). Subsequently, we addressed the possibility of a correlation of MBZ-induced autophagy with ATG5, ATG7 and Beclin1. Beclin1 is a main regulator for autophagy initiation, and ATG5 and ATG 7 are core proteins involved in autophagosome formation. To examine the correlation between autophagy formation and MBZ treatment, ATG5, ATG7 and Beclin1 were knock downed by treatment of ECs with siATG5, siATG7 and siBeclin1 ([Fig. 4C](#f4-bt-27-117){ref-type="fig"}). As can be seen in [Fig. 4D](#f4-bt-27-117){ref-type="fig"}, level of LC3B-II/LC3B-I is much higher in MBZ-treated HUVECs compared with non-treated/siCTL-treated cells. Knocking down of Beclin1 (40%) or ATG5/ATG7 (20%) by RNA interference reduced LC3B-II/LC3B-I levels. Apparently, the results indicate that MBZ induces autophagy.

Inhibition of MBZ-induced autophagy potentiates its inhibitory effect on ECs
----------------------------------------------------------------------------

Since MBZ induces autophagy in ECs, we examined whether autophagy is correlated with inhibition of EC activity by MBZ. Inhibition of proliferation is an important anti-angiogenic mechanism. Interestingly, knocking down of Beclin1 or ATG5/7 did not prevent the anti-proliferative effect of MBZ in HUVECs. Rather it increased the inhibitory effect of MBZ ([Fig. 5A](#f5-bt-27-117){ref-type="fig"}). Thus, we further tested whether autophagy is correlated with anti-endothelial cell activity of MBZ using pharmacological autophagy inhibitors such as 3-MA and CQ. 3-MA inhibits early-stage autophagy by blocking Class III PI3-kinase because autophagosome formation requires class III PI3-kinase activity. CQ inhibits late-stage autophagy by preventing the fusion of autophagosomes with lysosomes ([@b27-bt-27-117]). Likewise, 3-MA pre-treatment significantly enhanced the anti-proliferative effect of MBZ ([Fig. 5B](#f5-bt-27-117){ref-type="fig"}), and the combination of MBZ and CQ increased the anti-proliferative effect of MBZ compared to single treatment with MBZ ([Fig. 5C](#f5-bt-27-117){ref-type="fig"}). In addition, apoptotic cells with chromatin condensation and nuclear fragmentation were significantly increased by knocking down of Beclin 1 or ATG5/7, 3-MA pre-treatment, or combined treatment with CQ ([Fig. 5D--5F](#f5-bt-27-117){ref-type="fig"}). Thus, these results suggest that inhibition of autophagy may potentiate the anti-proliferative and pro-apoptotic effect of MBZ on ECs, thereby enhancing the anti-angiogenic activity of MBZ.

DISCUSSION
==========

MBZ binds to the colchicine-binding domain of tubulin and prevents microtubule polymerization ([@b17-bt-27-117]; [@b22-bt-27-117]). Our study provides novel findings which state that MBZ induces protective autophagy in ECs, besides inducing G2-M arrest and apoptosis. This study also suggests a novel strategy that anti-angiogenic activity of MBZ can be potentiated by inhibition of protective autophagy. Therefore, it supports that MBZ is a potent repositioning candidate for angiogenesis inhibition and cancer therapy. Since MBZ and chloroquine cross the blood-brain barrier (BBB), MBZ may be applicable in the treatment of brain cancers such as incurable glioblastoma (GBM) and medulloblastoma ([@b1-bt-27-117]; [@b4-bt-27-117]). As GBM is a highly vascularized tumor ([@b38-bt-27-117]), targeting both tumor and ECs can be a promising strategy to cure incurable GBM. Indeed, the clinical trial of MBZ is active for newly-diagnosed high-grade glioma patients receiving temozolomide (TMZ).

Although it has been reported that the anti-angiogenic effects of MBZ elicit through inhibition of VEGF type 2 receptor kinase activity ([@b14-bt-27-117]; [@b3-bt-27-117]), our study proves that the concentration of MBZ for anti-endothelial cell activities (proliferation, migration and tube formation) has no effect on FAK and ERK activation. In addition, it was observed that the anti-endothelial cell activities are not dependent on growth factor type since it also potently inhibited bFGF-induced cell proliferation, migration and tube formation. Comparison of the anti-proliferative activity of MBZ in various media revealed that the inhibitory effect is dependent on the cell growth rate. The inhibitory effect of MBZ on cell proliferation was reduced about three folds when HUVECs grew more slowly in EGM2 compared to other medium conditions. Thus, our results clearly indicate that MBZ inhibits pro-angiogenic endothelial cell behaviors without growth factor selectivity. Therefore, it is suggested that MBZ can be used effectively for anti-VEGF drug-resistant pathological angiogenesis.

There has been an increase in the evidence proving that anti-angiogenic inhibitors induce autophagy as well as apoptosis in ECs ([@b30-bt-27-117]; [@b36-bt-27-117]; [@b31-bt-27-117]; [@b5-bt-27-117]; [@b32-bt-27-117]; [@b21-bt-27-117]; [@b42-bt-27-117]; [@b40-bt-27-117]; [@b34-bt-27-117]; [@b43-bt-27-117]). Some of the anti-angiogenic agents induce autophagy to protect cells and it is associated with resistance to anti-angiogenic therapy ([@b30-bt-27-117]; [@b36-bt-27-117]; [@b31-bt-27-117]; [@b32-bt-27-117]; [@b42-bt-27-117]; [@b34-bt-27-117]), while other agents induce autophagic cell death, also known as type II cell death ([@b5-bt-27-117]; [@b21-bt-27-117]). For instance, endostatin, an anti-angiogenic drug, induces autophagy with increased Beclin1, and inhibition of autophagy has been reported to potentiate the effect of endostatin by promoting a switch to apoptosis ([@b31-bt-27-117]). Similarly, another agent, K5 induces both apoptosis and autophagy, and interference of autophagic survival response potentiates the anti-angiogenic effect of K5 in ECs ([@b30-bt-27-117]). It has been reported that magnolol derivative, a drug with anti-angiogenic effect induced autophagy in HUVECs and blockage of the autophagic pathway reversed its anti-angiogenic effect ([@b21-bt-27-117]). Another report showed that flubendazole, one of the benzimidazoles, is a potent inducer of autophagy and affects autophagy regulators including Beclin1, mTOR, TFEB, and ATAT by disrupting dynamic microtubules and inducing microtubule acetylation ([@b10-bt-27-117]). Flubendazole also acts as ATG4B agonist in triple-negative breast cancer (TNBC) ([@b41-bt-27-117]). Newly synthesized bis-benzimidazole derivates also induce autophagy and promote apoptosis ([@b39-bt-27-117]; [@b12-bt-27-117]). In the present study, we have demonstrated that MBZ induces G2-M arrest, apoptosis and autophagy. Furthermore, it has been shown that interfering with autophagy by knockdown of Beclin1 or ATG5/ATG7, or treatment with autophagy inhibitors such as 3-methyladenine (3-MA) and chloroquine (CQ) dramatically enhances the anti-proliferative effect of MBZ on ECs. Since CQ has been used safely for malaria treatment, it has been in clinical trial for beneficial adjuvant effect in combination with conventional surgery, chemotherapy and radiotherapy ([@b8-bt-27-117], [@b7-bt-27-117]). Consequently, clinical application of MBZ and CQ combination appears to be possible. Our study provides important evidence that MBZ induces protective autophagy and autophagy inhibitor can enhance the anti-angiogenic effect of MBZ by increasing apoptosis in ECs ([Fig. 6](#f6-bt-27-117){ref-type="fig"}).

This is the first report to indicate that the anti-angiogenic effect of MBZ is not mediated by inhibition of signaling of growth factors such as VEGF and bFGF, but by induction of G2-M arrest and apoptosis. Also, MBZ induced autophagy to protect ECs from cell death, and interference with autophagic response potentiated the inhibitory effect of MBZ on endothelial behavior. These findings provide a new therapeutic strategy to improve the anti-angiogenic effect of MBZ by regulating autophagy regardless of growth factor signaling. It is suggested that MBZ can be effectively used for the treatment of anti-VEGF drug-resistant tumor angiogenesis.

This research was supported by a grant from National Research Foundation of Korea grants funded by the Korea government (NRF-2012R1A5A2047939, NRF-2016R1A2B2013712).

![Mebendazole inhibits proliferation, migration and tube formation of ECs. (A) HUVECs were treated with MBZ (1, 3 μM) for 24 h, and observed by light microscopy. Scale bars: 100 μm. (B) HUVECs were treated with the indicated concentrations of MBZ in several medium conditions including EGM2, HUVEC medium, and M199 containing VEGF (10 ng/ml) or bFGF (10 ng/ml). After 48 h, MTS assay was performed. The percentage of proliferation was calculated based on cell proliferation of respective indicated culture medium control group. (C, D) HUVECs pre-treated with MBZ for 30 min were allowed to migrate into bottom chamber with VEGF (5 ng/ml) or bFGF (5 ng/ml) for 5 h. Then, the migrated cells were counted per view field. (E, F) Tube formation of HUVECs pre-treated with MBZ for 30 min on Matrigel was performed in the presence of VEGF (10 ng/ml) or bFGF (10 ng/ml) for 12 h. The mean of total capillary tube length per view field was measured. ^\*^*p*\<0.05, ^\*\*^*p*\<0.01, and ^\*\*\*^*p*\<0.001 vs. control (MBZ 0 μM) group.](bt-27-117f1){#f1-bt-27-117}

![Mebendazole has no inhibitory effect on FAK and ERK1/2 pathways. (A--C) HUVECs were incubated with or without MBZ (10 μM) for 1 h and then stimulated by VEGF (10 ng/ml) (A) or bFGF (10 ng/ml) (B) for indicated time. HUVECs were cultured with or without MBZ (10 μM) for 24 h in HUVEC medium (C). Cells were harvested and analyzed by Western blotting to determine the phosphorylation of FAK (pTyr^397^) and ERK1/2 (Thr^202^/Tyr^204^). FAK, ERK1/2 and β-actin was examined as a loading control. The numbers indicate the ratio of p-ERK1/2 (Thr^202^/Tyr^204^)/ERK1/2 or p-FAK (pTyr^397^)/FAK.](bt-27-117f2){#f2-bt-27-117}

![Mebendazole induces G2-M arrest and apoptosis in ECs. (A, B) HUVECs were treated with MBZ (1, 3 μM) for 24, 48 and 72 h, respectively. (A) The distribution of cell cycle was exhibited by flow cytometric analysis (left panel). Comparative quantification of cell percentage in different cell cycle phases is shown by bar diagram (right panel). (B) Cells were fixed and stained with DAPI. Apoptotic cells with chromatin condensation and nuclear fragmentation (arrow heads) were observed in MBZ treated cells and percentage of cells were calculated as the number of cells with apoptotic nuclei divided by the total number of cells in each 3 random field. Scale bar: 100 μm. ^\*^*p*\<0.05, ^\*\*^*p*\<0.01, and ^\*\*\*^*p*\<0.001 vs. control (MBZ 0 μM) group. (C, D) HUVECs were cultured with or without MBZ (1, 3 μM) for 24 h. Western blot analysis shows p53 (C), pro-Caspase 3 and cleaved-Caspase 3 (D) levels in HUVECs. β-actin was used for a loading control. The numbers indicate relative expression level compared with β-actin.](bt-27-117f3){#f3-bt-27-117}

![Mebendazole induces autophagy in ECs. (A) Immunofluorescence staining for LC3B^+^ puncta in HUVECs treated with MBZ (1, 3 μM) for 24, 48 and 72 h, respectively. Arrow heads indicate the cells with LC3B^+^ puncta. Scale bar: 50 μm. Assessment of autophagy was performed by counting the number of cells expressing the punctate pattern of LC3B among total cells, after drug treatment. ^\*\*^*p*\<0.01, and ^\*\*\*^*p*\<0.001 vs. control (MBZ 0 μM) group. (B) HUVECs were cultured with or without MBZ (1, 3 μM) for 24 h and analyzed by Western blot analysis for LC3B. (C, D) siRNA-transfected HUVECs were treated with MBZ (1, 3 μM) for 24 h. ATG5, ATG7, Beclin1 (C) and LC3B (D) levels were measured through Western blot analysis. β-actin was examined as a loading control. Expression levels of LC3B-II and LC3B-I were normalized with β-actin, and LC3B-II/LC3B-I in each sample was calculated based on the respective siCTL-treated or non-treated group.](bt-27-117f4){#f4-bt-27-117}

![Blocking of autophagy enhances the effect of MBZ on ECs. (A, D) siRNA-transfected HUVECs were treated with the indicated concentration of MBZ (0.3, 1 μM) for 48 h. (B, E) HUVECs were pre-treated with 3-MA for 48 h before MBZ (0.3, 1 μM) treatment. Then, the cells were cultured further in the presence of MBZ for 48 h. (C, F) HUVECs were treated with MBZ for 24 h, and then treated with CQ for 48 h. (A--C) MTS assay was performed to determine cell proliferation. (D--F) Cells were fixed and stained with DAPI. Percentages of apoptotic cells were calculated as the number of cells with chromatic condensation and nuclear fragmentation (arrow heads) divided by the total number of cells in each 3 random field. Scale bar: 100 μm. ^\*^*p*\<0.05, ^\*\*^*p*\<0.01, and ^\*\*\*^*p*\<0.001 vs. MBZ 0 μM/siCTL or non-treated (Non) group. ^&^*p*\<0.05, ^&&^*p*\<0.01 vs. MBZ 0.3 μM/siCTL or non-treated group; ^\#^*p*\<0.05, ^\#\#^*p*\<0.01, and ^\#\#\#^*p*\<0.001 vs. MBZ 1 μM/siCTL or non-treated group.](bt-27-117f5){#f5-bt-27-117}

![A possible mechanism of enhancing the anti-angiogenic effect of MBZ through autophagy inhibition in ECs. MBZ induces G2M arrest, apoptosis and autophagy. Interference with autophagic response potentiates the anti-angiogenic effect of MBZ in ECs.](bt-27-117f6){#f6-bt-27-117}
